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We have calculated the polarization properties of dielectronic satellite lines in Li- and Be-like Fe
ions excited through resonance electron capture by a monoenergetic electron beam. Following the
density matrix formalism, we have computed the degree of polarization and the spectral intensity
distribution of dielectronic satellites associated with a given polarization state. Theoretical results
were compared with experiments performed at the Livermore Electron Beam lon Trap where
satellite line emission from Fe ions was simultaneously recorded with two crystal spectrometers.
These results are relevant to diagnostic applications of x-ray line polarization spectroscopy in
plasmas. ©1997 American Institute of Physid$S0034-67487)68401-4

I. INTRODUCTION orientation of the crystal spectrometer in separate
measurementsHere, experiments were performed with Li-
Plasma diagnostic applications of x-ray line spectrosyng Be-like Fe ions and the spectra were recorded simulta-
copy have proved to be very useful in helping understancheously with two crystal spectrometers: one set up to record
plasma behavior and in the diagnosis of plasma environmeny, aimost-pure polarization state parallel to the electron
tal conditions for a broad range of plasma regirh&ostly,  peam axis, and the other one set up to record a mixture of
diagnostic applications have been based on studies of atomjgis state and the state of polarization perpendicular to the
processes and population kinetics in plasmas which allow thgjectron beam; both instruments collected radiation emitted
calculation of line intensities, and on plasma broadening efxt gge with respect to the electron beam axis. Figure 1 dis-
fects (e.g., Doppler, Stark, opacityvhich result in charac-  pjays a schematic diagram showing the directions of electron
teristic lineshapes. However, the polarization properties 0Eeam, observation, and states of polarization. The dispersion
x-ray line emission from ions immersed in plasmas have nopjane of the crystals is perpendicular to the electron beam
been extensively studied and used for diagnostic applicaayjs. These experiments offer an excellent opportunity to
tions. For laser-produced plasmas, we are aware of only onganchmark theoretical results with experiments performed
set of measurements that shows the use of line polarizatiognder well-controlled conditions before applying them to

tron distribution functiong.The presence of fields or beams

in the plasma can lead to emission of partially polarized line
from selectively populated magnetie!-sublevels. In the L. THEORETICAL POLARIZATION-DEPENDENT
. L .. SPECTRA

case of laser-produced plasmas driven by high-intensity,
femtosecond-duration laser pulses, short-lived plasmas are In order to compute the satellite line intensity distribu-
produced whose electron distributions can show different detions corresponding to the different polarization stdyess-
grees of anisotropy as well as the presence of hot electronallel and perpendicular, Fig.)lwe calculate the total inten-
The presence of beams of hot electrons in these plasmas hsity of dielectronic satellite lines and multiply them by the
been inferred through the observation and analysi§ gine  polarization factor dependent on the polarization state and
emission inL-shell Al and Si ions induced by these energeticthe degree of polarization of each line. All necessary atomic
electrons* X-ray line polarization spectroscopy can lead to data were calculated with the MZ cofé namely, energies
a more detailed characterization of hot electrons, and ele@nd wavelengths of the transitions, radiative transition prob-
tron distribution functions in these plasmas. abilities, and autoionization rates. The MZ code is based on a

In this paper we present theoretical and experimentaperturbation theory over electrostatic interactions between
results for the polarization properties #&f, satellite line electrons: the X perturbation expansion, wheté is the
emission in Li- (1s2121’—1s%2]) and Be-like nuclear charge. This method was previously considered in
(1s2121'21"—1s%2121") Fe ions excited by a monoener- detail for analysis of dielectronic satellite spectra produced
getic electron beam through dielectronic recombination. Weby Fe ions in high- and low-density plasmdsand the re-
compare theoretical, polarization-dependent spectra witBults of the calculations showed good agreement with the
polarization-sensitive experimental spectra recorded at thexperimental data. However, this is the first time that this
Electron Beam lon TragEBIT) facility of the Lawrence theory has been used to compute polarization-dependent
Livermore National Laboratory. In previous polarization spectra for Li- and Be-like satellite lines. We have described
studies at EBIT, the degree of polarization o§21—1s®>  the polarization properties of the spectra using the photon
transitions in He-like Sc was determined by changing thedensity matrix formalisni:l° The degree of linear polariza-
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FIG. 2. Theoretical spectrum calculated for an electron beam energy
E=4620 eV;(- -): intensity associated with the parallel polarization state,
(---): intensity associated with the perpendicular polarization state);

total intensity.

For these beam energies several Li- and Be-like satellite
lines are significantly excited. The spectra show the charac-
teristic intensity distributions associated with the parallel and
FIG. 1. Schematic diagram of the polarization states, parallel and perperPerpenC“Cular polarlzatlon statésee Fig. 1as well as the

dicular, relative to the direction of the electron beam, and the plane ofOtal intensity (i.e., the sum of these twoThese figures
dispersion of the crystals. clearly show lines with strong polarization lilke k, andl in

Li-like Fe, lines with partial polarization likee and j in

i-like Fe and both spectral features in Be-like Fe which

L . . . L

tion is expressed through nondlagohal matrix elements Wh'chepresent a blending of several lines, and lines with no po-
depend on the population me(_:hamsm of thv_a upper levels qf iz ation liket, m, andr in Li-like Fe (letters refer to the
the transitions. In the calculations we take into account the 14 <ateliite line notation in Li-like idhs It is also

resonance nature O.f elgﬁ(ron captlurlel, conslldgrfthat t::e 9 \teresting to note the characteristic, relative intensity distri-
evant upper states n Li-l ezFe ¢2121") are fed from the bution associated with each polarization state. The spectra at
ground state of He-like F€ls®), and assume that the Upper g _ 4695 ey only display some of the Be-like spectral fea-

states in Be-like F(_a (212l 3' ) are fed primarily.from Fhe tures; more Be lines become prominent for higher values of
ground state of Li-like Fe (4°2s). With these considerations

the expression for the nondiagonal elements of the density

matrix, and hence the degree of polarization, can be simpliHl. EXPERIMENTAL DETAILS

fied and they depend only on the angular coupling coeffi- Experiments performed at EBIT employed two von-Ha
cients. We have estimated that for characteristic EBIT densig,gg spectrometers to collect spectra simultaneously under
ties (=102 cm™3) the populations of first excited states

1s22p are about seven orders of magnitude smaller than the 300
population of the ground states32s. Thus, we can reliably

assume that the relevant autoionizing levels in Li- and Be- 250 1
like Fe are populated from the ground states of He- and
Li-like Fe, respectively. Using the calculated values of the
degree of polarization of dielectronic satellite lines we can
calculate polarization factors for different polarization states
and, hence, calculate the line intensity distribution for the
parallel and perpendicular polarization stategy. 1). Voigt

line shapes were used to describe the line intensity distribu- .
tion; this includes the broadening effects associated to the 50}
radiative and autoionization decays of upper levels and the
Doppler broadening due to the thermal motion of the ions in 0
the EBIT ion trap. As an illustration of our results, Figs. 2 1.85 ' 1.86 o187 1.88

and 3 display theoretical spectra calculated for two values of Wavelength (A)

the electron beam enerdy=4620 eV ande=4695 eV, for _

photons emited along a direction perpendiculr o that f ', 3 110, Sty cactos oy o Bt b enery
electron beam axis. The electron beam energy distributioq..). intensity associated with the perpendicular polarization siate)
profile was assumed to be Gaussian with a FWAB0 eV.  total intensity.
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FIG. 4. Comparison of experimental spectrum recorded;at4640 V(—) FIG. 6. Comparison of experimental spectrum recorded,at4700 V(—)
and theoretical spectrum galc_ulated&t4620 eV(- -) associated with an 44 theoretical spectrum calculatedEat 4695 eV(- -) associated with an
almost-pure, parallel polarization state. almost-pure, parallel polarization state.

identical experimental conditions. A schematic diagram ofwherel; andl, are the x-ray line intensity components for
the Livermore EBIT and a typical high-resolution von -Ha Polarization parallel and perpendicular to the electron beam
mos spectrometer arrangement have been reporte®kis. Hence the observed intensity is different from the origi-
previous|y:_ll The spectrometers observed photons emitted |rﬂ]a| emitted intensity due to the polarization sensitivity of the
a plane perpendicular to the electron beam axis. The firsgrystal. Further, the spectra recorded simultaneously by the
used a SR20) crystal with lattice spacind=1.920 A and a two spectrometers will differ, due to the different reflection
nominal Bragg ang]e of 29°. The second one used §226 coefficients of the LIEZZO) and S{220 Crystals. The Spec-
crystal with d=1.424 A and operates at a nominal Braggtrometer wavelength scales were calibrated by observing di-
angle of 41°. Each crystal was bent to a radius of curvaturéect excitation of He-like lines €2|—1s”. Spectra were

of R,=30 cm. The resolving powex/A\ was estimated to gathered at electron gun bias voltagég of 4600, 4640,

be 1500 for the LiF, and 2200 for the Si crystal, respectively4700, 4750, and 4775 V. The resulting electron energy in the
The integrated crystal reflectivitie®, and R for x-rays int.eraction regiqn is subject to corrections for the middle
polarized perpendicular and parallel, respectively, depend ofifift tube potential and the electron beam space charge. The
the Bragg angled. The ratioR,/R; can be expressed as €nergy region chosen is rich with a series of dielectronic
|cod"(26)|. The limiting values ofm are m=1 for perfect recombination resonances leading to satellite lines in Li- and
crystals andm=2 for mosaic crystals. Calculations per- Be-like Fe.

formed by Henkeet al,'? which include correction for ab-

sorption, predict values oR,/R;=0.12 for LiF220 and V. DISCUSSION AND CONCLUSIONS

R, /R =0.48 for S{220). The intensity of lines observed by

Figures 4—7 show the comparison between theoretical
the spectrometers can be expressedl?ﬂ?:R”I”+ R I,

and experimental spectra collected at two different electron
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FIG. 5. Comparison of experimental spectrum recorded,at4640 V(—) FIG. 7. Comparison of experimental spectrum recordedyat4700 V(—)
and theoretical spectrum calculatedEat4620 eV (- -) associated with a  and theoretical spectrum calculatedEat4695 eV (- -) associated with a
mixture of polarization states. mixture of polarization states.
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